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Abstract 

 

The phenomena known as secondary electron emission was discovered over a 

century ago. Yet, it remains very difficult to model accurately due to the limited availability 

of reliable experimental data. With the growing use of computer simulations in hardware 

development, the need for accurate models has increased. This research focused on 

determining what factors may be causing measurement discrepancies and methods for 

increasing the accuracy of measurements. It was found that several assumptions are 

commonly invoked when these measurements are performed that may not always be 

consistent with reality. The violation of these assumptions leads to measurement bias that 

is contingent upon the apparatus and the voltages used during the measurement. This 

research showed that secondary electron yield measurements are sensitive to changes in 

the apparatus geometry, the current level, and the electron gun settings. New techniques, 

hardware, and models were developed in order facilitate greater measurement repeatability 

and accuracy.   
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THE CHALLENGES OF LOW-ENERGY SECONDARY ELECTRON EMISSION 

MEASUREMENT 

 

I. Introduction  

In 1902, German physicists L. Austin and H. Starke discovered the phenomenon 

known as secondary electron emission (SEE) [1]. They revealed that when a material is 

bombarded with high-energy electrons the material can become positively charged 

indicating that, in addition to reflecting the high-energy electrons, other electrons leave the 

material. Since this discovery, the phenomenon has proven beneficial in some cases while 

a nuisance in others. From the earliest attempts to characterize SEE and even today, 

measurements made of the same elements performed by different labs or even the same lab 

display discrepancies. 

In 2005, Lin and Joy examined over 80 years of published secondary electron yield 

(SEY) data from over a hundred authors and stated 

ñAn examination of this data is discouraging, because it is evident that even for 

common elements (such as aluminum or gold) for which there are often a dozen or more 

independent sets of data available, the level of agreement is rarely better than 25% and 

often shows relative divergences of 100% or more. The result of this situation is that 

anyone seeking yield data to explain an observation or to validate a model can usually find 

multiple values spanning a large enough range to support or disprove any assertion.ò [2]. 

 

SEY is the ratio of the average number of electrons leaving a material (commonly called 

secondary electrons) to the average number of electrons impacting the material (commonly 

called primary electrons) and is a critical parameter when characterizing the SEE of a 

material. Figure 1 demonstrates the large variation in SEY values for aluminum at different 

primary electron energies based on the data compiled by Joy [3].  
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Figure 1: SEY versus primary electron energy for aluminum (derived from [3]). 

  

More recently, Sattler found that SEY measurements performed on the same material using 

two different experimental apparatuses showed significant differences as shown in Figure 

2 [4]. The discrepancies that are seen in SEE data and the scarcity of the data available 

make it difficult to accurately and completely model SEE. 

 
Figure 2: Plot of SEY data measured by Sattler for electroplated gold using two different 

apparatuses [4]. 
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1.1 Research Goal 

The ability to accurately model SEE is critical to the measurement of other physical 

phenomena, the development of technology, and the safe operation of spaceborne radio 

frequency (RF) systems. During the measurement of the photoelectric effect, thermionic 

emission, field emission, and other experiments involving free electrons, SEE is present 

and affects the results of the measurement. Normally, neglecting SEE effects will bias the 

measurement. To achieve a higher degree of accuracy requires that either the effects of 

SEE on the measurement are determined and subtracted out or the experimental apparatus 

is designed such as to reduce the impact of SEE on the measurement. The design of these 

apparatuses and other technologies which rely on mitigating SEE are enabled by accurate 

SEE modelling. 

 Recently, the phenomenon of SEE has experienced increased scrutiny due to its 

connection with multipactor. Multipactor is a cyclical process of electron multiplication 

through SEE in an alternating electromagnetic field. This phenomenon takes place in a 

vacuum where collisions with gas molecules are minimized. The occurrence of multipactor 

within an RF system can reduce the performance of the system and cause damage. In the 

space environment, damage to an RF system can render a satellite useless due to it being 

unable to transmit data resulting in a large financial loss to a space program. Furthermore, 

the failure of a defense satellite reduces the capability of our government to provide 

national security. For these reasons, the Aerospace Corporation has written the 
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Standard/Handbook for Multipactor Breakdown Prevention in Spacecraft Components 

which provide guidance for the test of RF components for use in space [5].  

 This guidance establishes a process to verify that an RF component or system will not 

experience multipactor breakdown when operating at or below maximum power [5]. In 

order to ensure that breakdown will not occur, the power at which multipactor occurs is 

first determined through analysis or testing, and then a safety margin is subtracted from 

this power to determine the maximum allowed power within the component. Simulation is 

considered a valid analysis method for determining the power at which breakdown occurs 

for devices with defined geometries [5]. This excludes devices that vary in geometry due 

to unit-to-unit production variations or the incorporation of tuning elements such as tuning 

screws. Simulation requires that SEE is modeled, and the accuracy of the SEE model is 

imperative in ensuring that the simulation yields accurate results. Currently, the guidance 

indicates that a bounding, worst-case SEY shall be used in simulation due to the variations 

in surface conditions that can occur over the life of a component. However, the guidance 

does not provide any indications on how to model the angular and energy distribution of 

the secondary electrons. Scott Rice and John Verboncoeur have shown that multipactor is 

extremely sensitive to the energy distribution of the secondary electrons [6]. Thus, it is 

necessary to accurately model both the SEY, energy distribution, and presumably the 

angular distribution (though the sensitivity of multipactor to the angular distribution is 

currently unknown) in order to yield accurate simulation results.  

 In conclusion, accurate models of SEE are required for the measurement of other 

physical phenomena, the development of more capable technology, and the safety of 

spaceborne RF systems. However, our ability to develop accurate models is hampered by 
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the discrepancies and limited availability of measured SEE data. The goal of this research 

is to identify the cause of the measurement discrepancies and provide guidance on methods 

for improving measurement accuracy.   

1.2 Research Objectives 

Since multipactor may occur when the SEY exceeds unity, it crucial to be able 

accurately measure and model SEY at energies near and below the energy where the SEY 

first exceeds unity, which is known as first crossover energy. Measurements of the SEY at 

these low energies have been referred to as low-energy SEY (LE-SEY) measurements [7]. 

These measurements come with many challenges due to factors such as the contact 

potential difference (CPD) between electrodes and the thermal spreading of the primary 

electron energy. As a result, these measurements are often criticized and debated. This 

research focuses on LE-SEY measurement due to its relevance to multipactor. 

In order to the achieve the goal of this research, the following research objectives 

were established. 

1) Determine factors which may lead to measurement discrepancies by performing 

a review of literature pertaining to the measurements of SEE. These factors will 

exclude discrepancies due to differences in sample composition. 

2) Develop an experimental system capable of performing large numbers of 

measurements autonomously in order to establish repeatability of 

measurements and facilitate testing under numerous test conditions. 

3) Develop a simulation model of the experimental system to facilitate analysis of 

experimental test results. 
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4) Preform measurements at different primary currents and compare results to 

determine how changes in current may affect SEY measurements. 

5) Determine how the spacing between the electron gun and sample may affect SEY 

measurements. 

6) Determine how the first crossover of the SEY curve is altered by changing the 

potential of the electron gun optics. 

7) Determine how the electron gunôs optics can be adjusted in order to reduce SEY 

measurement errors. 

8) Preform SEY measurements on a magnetized sample to determine if the 

magnetic type I contrast effect can be used to reduce secondary emission from 

the vacuum chamber walls during SEY measurements. 

These objectives with the exception of objectives 2 and 3 were chosen to answer 

specific research questions which are self-evident in the objectives and will not be restated. 

The accomplishment of these objectives will provide insight into the dependence of SEY 

measurements on changes in the configuration of the experimental apparatus and provide 

the knowledge needed to establish guidance for improving measurement accuracy. 

1.3 Chapter Outline 

This dissertation is divided into five chapters. The purpose of the first chapter was 

to briefly introduce SEE and multipactor and to establish the goal, motivation, and 

objectives for this research. The second chapter describes SEE and multipactor in greater 

detail and provides insight into the factors which cause measurement discrepancies. The 

third chapter describes the approach used in this research to fulfill the research objectives 
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and the development of the experimental system and simulation model. In the fourth 

chapter, the results from simulations and experimental measurements are analyzed. The 

fifth  chapter provides guidance based on the conclusions draw from the previous chapters 

and recommendations for future research.  

1.4 Summary 

This chapter introduced the topics of SEE and multipactor and briefly described the 

difficulties involved in modeling SEE due the discrepancies and scarcity associated with 

measured SEE data. The importance of accurate SEE models in the development of 

technology and the safety of spaceborne RF systems was emphasized, and the goal of 

identifying the cause of the measurement discrepancies and providing guidance on methods 

for improving measurement accuracy was established. Eight objectives involving both 

experimentation and simulation were identified for reaching this goal. Lastly, an outline of 

the dissertation chapters was provided. 
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II.  Literature Review 

This chapter provides a review of literature regarding SEE and multipactor. The 

first section provides a historical overview of the important discoveries, challenges, and 

inventions surrounding SEE and multipactor. The second, third, and fourth sections 

describe the different types of SEE measurement, the apparatuses involved, and the models 

used to simulate each aspect of SEE. The fifth  section describes current commercial, 

multipactor software and the SEE models implemented in each. In addition, the multipactor 

software developed by the Air Force Office of Scientific Research (AFOSR) and the Air 

Force Research Laboratory (AFRL) is briefly discussed. The final section discusses the 

ongoing challenges to accurate SEE measurements. 

2.1 Historical Overview 

The following sections discuss the important findings and activities surrounding 

SEE and multipactor research followed by a brief summary. 

2.1.1 SEE Discovery 

German physicists L. Austin and H. Starke are recognized for the discovery of the 

phenomenon known as secondary electron emission [1]. Their research began as a study of 

the relationship between the number of reflected electrons and the primary electronsô 

incidence angle. However, during the course of their research, they discovered SEE along 

with several key relationships. Firstly, they observed that an isolated, metal reflector 

became positively charged when bombarded by high-energy electrons. This indicated to 

them that in addition to the usual electron reflection other negatively charged particles were 

released. Secondly, they believed that the emission of ñnegativer Elektricitªtò (translated 
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negative electricity) was a result of the emission of negatively charged particles whose 

velocities were of the same order of magnitude as the incident electrons. However, the 

scientific community now knows that these charged particles can have velocities 

distributed across several orders of magnitude depending on the incident velocity of the 

primary electron. Thirdly, they found that the emission decreased as the speed of the 

incident electron increased. Based on data obtained following their discovery, this is not 

completely true: the emission first increases as the speed of the primary electron increases 

before decreasing. Fourthly, they found that emission increases when the target surface is 

polished, which is consistent with data collected since their discovery. Fifthly, they 

concluded that emission increases as the density of the reflector increases. This conclusion 

however does not agree with data collected since their discovery, and it was determined 

that a correlation between emission and work function could just as easily be observed [8]. 

Efforts to correlate emission to other physical characteristics of materials have continued, 

but the results thus far have been inconclusive [2].  Lastly, they discovered that the 

emission increased with incidence angle, which is consistent with data collected since their 

discovery. They published these finding in 1902; and many of these findings remain 

relevant to this day. Throughout history, this phenomenon has also been called secondary 

emission and secondary electron radiation. 

2.1.2 Classification of Secondaries 

Shortly after the discovery of secondary electron emission, German physicist P. 

Lenard made the distinction between what he called ñsecondary electron radiationò and 

ñR¿ckdiffusionò (translated re-diffusion) according to Bruining [9]. Lenardôs ñsecondary 
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electron radiationò are the electrons excited by the primary electrons (PE) and ejected from 

the material. They are now commonly called true secondary electrons (TSE). Lenardôs 

ñRuckdiffusionò are the primary electrons which are backscattered from the material. This 

group is further divided into inelastically backscatter primary (IBP) and elastically 

backscatter primary (EBP). Figure 3 identifies the types of electrons involved in secondary 

electron emission. For clarity, the term ñsecondariesò when used in this text refers to all 

types of secondary electrons ejected from the target material. Throughout history, this term 

has been used inconsistently: sometimes referring true secondary electrons and other times 

referring to all emitted electrons. Lenard made this distinction because he found that there 

is a ñslowò group of secondaries that have an approximately constant energy (~10 eV) 

regardless of the primary electron energy [9]. This ñslowò group is commonly associated 

with TSE. Figure 4 shows a typical energy distribution for secondaries and identifies the 

relative position of each secondary electron type. Auger electrons will be discussed in a 

later section. 

 
Figure 3: Diagram identifying types of secondaries generated during SEE. 



 

11 

 

 

 

 
Figure 4: Secondary electron energy distribution with secondary electron types identified. 

N(E) is the distribution of secondary electrons with respect to energy and is normally 

shown in ambiguous units. 

 

2.1.3 First Device to Harness SEE 

In August of 1915, Albert W. Hull patented the dynatron while working for the 

General Electric Research Laboratory (Figure 5) [10]. This was the first device to make 

use of SEE. The dynatron is a vacuum tube device that functions as a negative resistance 

when appropriately biased [11]. It can be used in amplifier and oscillator circuits [11, 12]. 

In 1922, Hull referred to the electrode that emitted secondaries as the dynode. This term is 

still used today to describe electrodes that perform electron multiplication through 

secondary electron emission. 
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Figure 5: The dynatron [11]. 

2.1.4 Auger Electrons 

In 1923, Austrian physicist Lise Meitner discovered Auger electrons though French 

physicist Pierre-Victor Auger is credited with the discovery [13]. When an inner shell 

electron of an atom is removed by a primary electron or photon, an outer shell electron 

emits energy and falls to fill the vacancy in the inner shell (Figure 6). The emitted energy 

can either escape the atom as a photon or be transferred to another electron which is then 

ejected from the atom. The ejected electron is known as an Auger electron.  

 
Figure 6: Schematic of Auger electron emission process [14]. 
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Auger electrons are emitted with specific energies that are associated with the quantized 

energy levels of the atom and normally appear at a slightly higher energy than the TSE in 

the energy distribution (Figure 4). They constitute an extremely small portion of the 

secondary electron population (less than 1 in 104) [15]. Consequently, they are not 

considered in the simulation of multipactor, vacuum tube devices, and many other 

simulations involving secondary electrons. 

2.1.5 Electron Diffraction  

In 1924, Louis de Broglie, based on the findings of Planck, Einstein, and Bohr, 

suggested that particles could act as waves having a wavelength associated with their 

momentum [16]. This relationship predicted that crystals when bombarded by electrons 

would exhibit diffraction following the Bragg diffraction condition, which had previously 

been applied to X-ray diffraction. In 1927, Davisson and Germer in the US and Thomson 

in Britain independently observed the electron diffraction pattern experimentally [16]. The 

diffraction pattern appears in the angular distribution associated with the EBPs. One way 

to observe the diffraction pattern is to use two electrically biased grids to filter out slower 

secondary electrons using a retarding potential (Figure 7). The remaining electrons are 

accelerated into a fluorescent screen for visual observation. Since a majority of the 

materials used in the construction of RF and vacuum tube devices are not crystalline and 

EBPs constitutes a small percentage of the secondaries, electron diffraction is commonly 

ignored in the simulation of these devices. 
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Figure 7: Diagram of low-energy electron diffraction (LEED) apparatus.  

2.1.6 Vacuum Tube Distortion 

In the late 1920ôs as vacuum tube electronics progressed, the phenomenon of SEE 

produced undesirable behavior in the tetrode [17]. During this time, Bernard Tellegen 

began researching ways to reduce SEE from the anode of the tetrode [17]. Methods such 

as coating the anode with carbon and cutting ridges into the anode reduced the emission 

but did not completely suppress irregularities in the tetrodeôs behavior [18]. By December 

of 1926, Tellegen solved the problem by placing an additional grid between the anode and 

the screen grid (Figure 8) [19]. The additional grid is called the suppressor grid. It is 

negatively biased with respect to the anode in order to force the slow-moving secondary 

electrons back into the anode. Since a large portion of secondaries are moving slowly, the 
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suppressor grid largely eliminated the undesirable behavior in the tetrode. The tetrode with 

the suppressor grid became known as the pentode. 

 
Figure 8: Diagram of Pentode [19]. 2ðcontrol grid; 3ðscreen grid; 4ðsuppressor grid;  

5ðanode; 6ðcathode   

2.1.7 Multipactor  Discovery 

In 1924, French physicist Camille Gutton is believed to be the first person that 

experienced the multipactor phenomenon during his research of low pressure glow 

discharge at high frequency; however, Gutton attributed the phenomenon to ions and failed 

to identify electrons and secondary electron emission as the underlying cause [20, 21, 22]. 

He along with his son, Henri Gutton, continued to study the glow discharge phenomena at 

high frequency but failed to make a connection between secondary electron emission and 

the observed phenomena [22, 23, 24].  

The discovery of multipactor was not accidental: it was predicted, and a device was 

designed to make use of the phenomenon. In the early 1930ôs, Philo T. Farnsworth built a 

device to amplify weak electrical signals through the multiplication of electrons via SEE 

in an alternating electric field [25]. He referred to the device as a multipactor tube (Figure 

9) [26, 27, 28]. These tubes did not find any lasting application; and, by the 1940ôs, the 

name was transferred from the tubes to the phenomenon on which they are based [28]. 
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Figure 9: Farnsworthôs Multipactor Tube [75]. 

 

 Multipactor is a process of electron multipaction in an alternating electromagnetic field 

due to SEE. The multipactor phenomenon takes place within a vacuum where collisions 

with gas molecules are minimized. Common examples of multipactor include single-

surface and two-surface multipactor. Single-surface multipactor commonly takes place at 

waveguide pressure windows. A free electron can appear near the dielectric window due 

to numerous emission processes (e.g. high energy space particles, photoelectric effect, field 

emission, etc.) (Figure 10a). The electromagnetic field, propagating towards the right in 

Figure 10, forces the electron into the dielectric. If the energy of the impacting electron is 

sufficient to generate more than one secondary electron, multiple electrons will be emitted 

from the dielectric surface leaving behind positive charge (Figure 10b). The emitted 

electrons are accelerated by the electromagnetic field and collide again with the dielectric 

window generating additional free electrons (Figure 10c). This process continues with 
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additional free electrons being generated during each impact. The dielectric window is 

heated during this process and may experience a catastrophic failure. 

 
Figure 10: Single-surface Multipactor. 

 

Two-surface multipactor is phenomenon exploited by Farnsworthôs multipactor 

tubes. An alternating electric field between two parallel plates causes a free electron to be 

accelerated into one of the plates (Figure 11a). If the energy of the electron is sufficient to 

generate more than one secondary electron, multiple electrons will be emitted from the 

plate. The emitted electrons are then accelerated by the electric field and collide with the 

opposite plate (Figure 11b). This second collision multiplies the number of free electrons 

(Figure 11c). The electron multiplication process happens synchronously with the electric 

field leading to a buildup of electrons between the two places. The repeated impact of 

electrons with the plates heats the surface of the plates producing several possible effects: 

surface conditioning, emission of x-ray photons, damage to the plates, and outgassing of 

trapped gases. The outgassing of trapped gases is especially detrimental. The collision of 

electrons with gas molecules ionizes the gas molecules creating plasma. The plasma 
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absorbs much of the RF energy leading to further heating and energy loss. If left 

unattended, the component may experience a catastrophic failure. Furthermore, harmful x-

ray radiation may be emitted during multipactor causing damage to surrounding electronics 

and living organisms [28].  

 
Figure 11: Two-surface Multipactor. 

2.1.8 Multipactor Semi-empirical Modeling 

During the 1930ôs, researchers began to propose theories for multipactor [20]. In 

order to make analytic solutions tractable, researchers made assumptions without having 

any physical basis and focused on simple geometries, such as parallel plates and single 

dielectric surfaces [20]. Some of these assumptions were: 

1) the secondary electrons are emitted at a velocity of zero, a velocity that is 

proportion to a constant k times the primary electron velocity (the constant-k 

theory), or a velocity, v, that is constant (monoenergetic) regardless of the primary 

electron velocity (the constant-v theory) [20, 29] 

2) the emitted velocity of the secondary electrons is normal to the surface [30] 
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3) electric field between the plates is uniform [30] 

4) space charge effects are negligible [30] 

5) magnetic field effects are negligible [30] 

 Based on the physics of SEE, the first two assumptions are incorrect. Nevertheless, by 

making these assumptions researchers were able to develop semi-empirical equations 

which they could fit to experimental data. These models were useful for constructing 

multipactor susceptibility curves for use by engineers but did not aid in understanding the 

underlying processes involved in multipactor [20]. 

 Figure 12 shows the baseline multipactor threshold curve found in the 

Standard/Handbook for Multipactor Breakdown Prevention in Spacecraft Components. 

This curve was produced using Hatch and Williams susceptibility curves which are based 

on a parallel plate geometry. The peak RF voltage is the voltage at which multipactor 

breakdown occurs. The gap is the distance between the parallel plates, and the frequency 

is the frequency associated with the electromagnetic field. In order to avoid multipactor 

breakdown, a component should be operated in the region below the bold, black curve. 

Though these curves are based on a parallel plate geometry, they are routinely used to 

determine the multipactor breakdown threshold of non-parallel plate geometries. 

When applied to non-parallel plate geometries, over-conservatism may exist [5]. 

This is due to the fact that the parallel plate assumption does not include electron loss 

mechanisms. When analysis is performed on realistic RF components, the opposing cavity 

walls are considered to be infinite parallel plates (Figure 13a). Since the features on the 

walls are not infinitely wide, electrons can escape from the sides of the features (Figure 

13b-c). Due to this loss mechanism, the actual multipactor breakdown threshold may be 
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much higher than that predicted using susceptibility curves [5]. The accuracy of these 

models decreases when the opposing walls are not parallel and when the gap is large 

compared to the feature size [5]. Due to the limited applicability of the semi-empirical 

models, much of the design for multipactor-free systems was done through trial and error 

[31]. It would not be until the development of multipactor computer simulations that the 

breakdown thresholds of complex geometries could be more accurately predicted. 

 
Figure 12: Baseline multipactor breakdown threshold [5]. 

 

 
Figure 13: Electron loss mechanism. The features labelled ñplatesò are consider infinite 

parallel plates in the analysis using susceptibility curves. 
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2.1.9 Multipactor Simulation  

To the authorôs knowledge, the earliest known multipactor computer simulation 

was developed by Stanford University in 1973 [20, 32, 33]. Using the simulation, the 

researchers were able to track numerous initial electrons and multiple generations of 

secondary electrons in two dimensions (Figure 14). From the simulation, the researchers 

discovered a non-resonant multipactor process as opposed to the then well-known resonant 

multipactor process [32]. In this simulation, the fields within the cavity were first 

calculated, and then initial electrons were introduced into the cavity. The simulation 

calculated the trajectories of individual electrons though numerical integration until the 

electrons impacted the walls. A Monte Carlo algorithm based on experimental SEE data 

was then performed to determine the number of secondaries and their associated energies 

[32]. 

This simulation was a significant step forward in multipactor research. SEE data 

was finally integrated into multipactor analysis, and more complex geometries could now 

be analyzed. The unfortunate disadvantage associated with this type of simulation is that 

each electron must be tracked. During multipactor, the number of free electrons can grow 

to more than a trillion within 50 to 300 RF cycles requiring excessive computer resources 

for tracking all the electrons [34, 35]. The need to simulate large numbers of particles was 

addressed by particle-in-cell simulations. 

According to Kishek et al., particle-in-cell (PIC) simulations began to be applied 

to multipactor in the 1990ôs [20]. Prior to being applied to multipactor, PIC simulations 

had been applied to plasma research [36]. PIC simulations are applied to the plasma and 

multipactor phenomena due to the excessive computational requirement associated with 
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tracking individual particles. In order to reduce the number of particles being tracked, 

individual particles are grouped together into ñsuperparticlesò (also called macroparticles) 

which are then tracked [36]. 

 
Figure 14: Typical computer plot of electron trajectories produced by the multipactor 

simulation program developed at Stanford University [32]. 

 

 There are numerous PIC algorithms currently available; attempting to discuss each in 

detail would be futile. Generally, the algorithms follow the cycle of arithmetic operations 

shown in Figure 15 [36, 37, 38]. In Figure 15, the index i references quantities associated 

with a superparticle, and the indices j, k, and l reference the nodes of a 3-D spatial grid. For 

each time step, ȹt, the algorithm performs four operations. First, based on the location of 

the superparticle in the user-defined spatial grid, the associated charge distribution of the 

superparticle, and the velocity distribution of the superparticle, a current and charge density 
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is assigned to either the nearest grid point or eight grid points surrounding the superparticle 

[36, 37]. 

 
Figure 15: General flow of operations in PIC algorithms. 

 

Due to the periodicity of the spatial grid, Maxwellôs equation can then be solved 

using a Fast Fourier Transform (FFT) which yields the electric and magnetic field 

components at each spatial node [36]. Since the superparticles are not located at the nodes, 

a weighting scheme is used to determine the electric and magnetic field at the location of 

the superparticle and the resultant Lorenz force on the superparticle [37]. The new position 

and velocity of each of the superparticles is finally determined using either Newtonôs 

second law of motion or the relativistic equations of motion [36]. Additional operations are 

required to simulate SEE and the ionization events which occur in plasma. 

2.1.10 SEE Measurement Difficulties 

Despite the success seen in the development of vacuum tube devices, scientists 

struggled to make accurate measurements of SEE that were consistent across the scientific 
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community. The methods and equipment used in the measurement of SEE has gone 

through several important changes since the discovery of SEE. In 1938, Warnecke pointed 

out the variability of SEY caused by varying the duration and temperature of heat 

treatments [39]. Figure 16 demonstrates the sensitivity of the SEY of aluminum to heat 

treatments. A decade later, McKay indicated that probably the most important development 

since the discovery of secondary emission was the creation of ñéextensive degassing 

treatment and careful high vacuum techniquesò [8]. Around 1948, the electron gun became 

the predominated device for making SEY measurements [8]. Previously, the triode was 

also used in SEY measurements. According to McKay, the results obtained using an 

electron gun were more easily interpreted than the triode method [8], and Bruining wrote 

that the triode method was less accurate [40]. Despite the improvements that were made in 

the measurement of SEE, in 1951 Pomerantz and Marshall wrote,  

ñThe disagreement among the results of different experiments is such as to preclude 

many crucial comparisons which could cast light upon the nature of the mechanisms 

involved in the process of secondary emissionò [41].  

 

Since the 1950ôs, vacuum technology has continued to improve, and two additional 

technologies were developed that have allowed scientists to make improved measurements. 

The first technology was modern surface analytical instruments. In the 1960ôs, these 

instruments became widely available and allowed scientists to characterize the chemical 

composition of their samples [42]. This knowledge gave scientists a better understanding 

of the factors that were affecting SEE and the ability to identify when contaminants had 

formed on their samples. The second technology was the cleanroom. In 1962, Willis 

Whitfield invented the cleanroom which allowed scientists to prepare samples with fewer 
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contaminants [43]. Together, these technologies have helped scientists reduce sample 

contamination and identify when sample contamination has occurred. 

 
Figure 16: Secondary electron yield for aluminum following heat treatments [39]. Curve 

1ð24 hours after end of pumping. Curve 125ðafter 1.5 h of 440° C heating and 240 h 

after curve 1. Curve 128ðafter 1 h of 400° C heating following curve 125. Curve 130ð

after 2.5 h of 470° C heating following curve 128. Curve 146ðafter 1.5 h of 570° C 

following curve 130. Curve Fðdata from Farnsworth. Curve Cðdata from Copeland. 

 

Nevertheless, inconsistencies in SEE measurements continued to occur. In 1981, a 

group of researchers performed Auger electron spectroscopy (AES) measurements on 

copper and gold using 28 different instruments [44]. These measurements are of the 

secondary electron energy distribution. This distribution contains peaks which are 

associated with Auger electrons and can be used to identify the elemental composition of 

a surface. Their results showed significant inconsistencies in both Auger electron energies 

and intensities. They concluded that a measurement standard was necessary to eliminate 

the inconsistencies. In 1991, the International Organization for Standardization formed 
























































































































































































































































































































































































































